Concentrations of pollutants were measured in water, sediment and algal samples collected along a 22 longitudinal gradient from a stretch of the Olifants River, South Africa, that receives AMD from the 23 Klipspruit River. The effects of AMD were determined through macroinvertebrate biotic indices 24 Macroinvertebrate metrics and community structure showed clear signs of deterioration in water 34 quality in the Olifants River downstream of the point of AMD input. While total TDS concentrations 35 at all sites fall within ranges likely to affect macroinvertebrates, the relative composition of major ions 36 changes as a result of AMD input, which may also account for the observed changes in 37 macroinvertebrate communities. Further downstream, the Wilge River discharges into the Olifants 38 River, and significantly improves water quality downstream of the confluence. Future mining and 39 development activities in the Wilge catchment should be carefully managed and monitored so as to 40 ensure sufficient flows of acceptable quality to prevent further deterioration of water quality in the 41
Abstract 21
Concentrations of pollutants were measured in water, sediment and algal samples collected along a 22 longitudinal gradient from a stretch of the Olifants River, South Africa, that receives AMD from the 23 Klipspruit River. The effects of AMD were determined through macroinvertebrate biotic indices 24 (SASS5) and multivariate analysis of macroinvertebrate communities. The acidic Klipspruit River 25 caused increased concentrations of total Al, Fe and Mn in the Olifants River. Upon mixing of the 26
Klipspruit with that from the alkaline Olifants River, Al and Fe precipitate rapidly, leading to lower 27 concentrations in the dissolved phase and higher concentrations in the suspended phase and in 28 sediment at sites in close proximity to the confluence. Similarly filamentous algae accumulated high 29 concentrations of Al, Fe and Zn immediately after the confluence. Mn remains in the dissolved phase 30 and sediment and algal concentrations increase with increasing distance downstream. Metal speciation 31 analysis indicate that Al is rapidly converted from more toxic forms (e.g., Al 3+ and Al(OH) 2+ ) to less 32 toxic forms (e.g., Al(OH) 3 (aq) and Al(OH) 4- ). In contrast, Mn remains in the soluble Mn 2+ form. 33
Macroinvertebrate metrics and community structure showed clear signs of deterioration in water 34 quality in the Olifants River downstream of the point of AMD input. While total TDS concentrations 35 at all sites fall within ranges likely to affect macroinvertebrates, the relative composition of major ions 36 changes as a result of AMD input, which may also account for the observed changes in 37 macroinvertebrate communities. Further downstream, the Wilge River discharges into the Olifants 38
Introduction 44
The upper Olifants River catchment is the most important source of coal in South Africa, and acid 45 mine drainage (AMD) originating primarily from old, abandoned mines has been identified as one of 46 the major long-term water quality impacts in the catchment (Hobbs et al., 2008) . The Klipspruit River 47 in particular is heavily impacted due to the extensive network of shallow, abandoned underground 48 coal workings in the catchment and water quality is characterised by low pH and high concentrations The significance of elevated metal concentrations on aquatic ecosystem health is complicated to 59 determine, because, while a comparison of total dissolved metal concentrations to water quality 60 guideline values can give an indication of potential effects, the speciation of metals plays a significant 61 role in their toxicity towards aquatic organisms (Driscoll, 1985) . Speciation of metals, particularly 62 aluminium, is complex and is related to a number of factors, including pH, the availability of 63 complexing ligands (e.g., F -and SO 4 2-) and water temperature (Gensemer and Playle, 2010; Tipping 64 and Carter, 2011). Furthermore, dissolved metals in acidic waters rapidly precipitate out of solution 65 upon mixing with more neutral or alkaline rivers (Olías et al., 2004) . Therefore the influence of water 66 originating from AMD-affected rivers on receiving rivers or reservoirs may be mitigated to lesser or 67 larger degrees depending on the relative physico-chemical and hydrological characteristics of the 68 mixing water bodies and the attenuation of metal concentrations along a longitudinal gradient 69 (Kimball et al., 2002) . Field assessments of ecosystem health are therefore important with respect to 70 (AEV) and Chronic Effect Value (CEV) guidelines for each constituent, which provide an indication 123 of the concentration at which there is expected to be a significant probability of measurable acute or 124 chronic effects to 5 % of the aquatic community. The water quality data and in-stream field data were 125 used as input into the VMinTeq software programme, version 3.0 (Gustafsson, 2011), which was used 126 to estimate the theoretical distribution of species of Al, Fe, Mn and Zn. 127
128

Sediment and Algal Sampling and Analysis 129
Composite sediment samples were obtained from each site by combining five discrete samples of the 130 upper 4-5 cm of river sediment in 60 ml polycarbonate containers. These were stored on ice in the 131 field, and then frozen at -4⁰C prior to analysis. Sediments were freeze-dried and then ball milled. 132
Metals in the sediment were extracted by microwave digestion using nitric acid (HNO 3 ), perchloric 133 acid (HClO 3 ) and hydrogen peroxide (H 2 O 2 ) (Ip, 2007) . Concentrations of metals were determined 134 using methods described above. 135
136
In addition, five discrete epilithic filamentous macroalgae samples (Cladophora glomerata) were 137 collected from cobbles and boulders at each site and combined in a composite sample. Algal samples 138 were stored in river water in polycarbonate containers and stored on ice and later refrigerated at 4 ºC 139 prior to analysis. Algal samples were rinsed three times with deionised water to remove any trapped 140 suspended sediment and debris after which samples were dried at 60 ºC. The samples were ball milled 141 and digested in HNO3 and H2O2 to extract metals and concentrations were determined using methods 142 described above. 
165
In addition, a Canonical Correspondance Analysis (CCA) was used to explore the relationship 166 between water chemistry variables and macroinvertebrate community structure. All water quality 167 parameters measured in water and sediment were included in the analysis. Dissolved as opposed to 168 total metal concentrations were used in the analysis as these are regarded as more available and 169 biologically relevant. To remove the effect of measurement units, all water quality parameters were 170 normalised into a 0-1 rank by dividing each parameter by the maximum value. Macroinvertebrate 171 data was log transformed (log(X+1)) prior to analysis. Analysis was performed using the Canoco for 172
Windows package, version 4.5 (Ter Braak and Smilauer, 2002) . 173
Results
175
Water Quality 176
Dissolved oxygen concentrations were relatively high across all sites ( 
Metal Concentrations in water, sediment and algae 195
Concentrations of metals in water at site OL1 were generally very low compared to other sites ( 
Olifants rivers. 208
The pattern in sediment contamination complemented that observed in the water samples (Fig. 3a) . 
Metal Speciation 223
Metal speciation modelling suggests that while total dissolved aluminium exceeded the CEV 224 guideline at sites upstream and downstream of the confluence of the Klipspruit and Olifants rivers, the 225 majority of Al was in the non-toxic Al(OH) 4 -form, accounting for almost 100 % of the species 226 composition ( 
Macroinvertebrate Sampling 238
The number of macroinvertebrate taxa clearly declined at site OL4 in comparison to site OL1 after the 239 input of the Klipspruit River (Table 3 ). The number of taxa at site KL2 was the lowest of all sites 240 sampled in the study area. The decreased number of taxa continued from sites OL4 to OL6. The 241
Wilge River (WG7) had the largest number of taxa in comparison to other sites. The number of taxa 242 increased from site OL6 to OL8 (downstream of the confluence with the Wilge River).The number of 243 taxa at sites WG7 and OL8 was higher than at site OL1. The lower number of taxa at sites KL2 and 244 OL4 to OL6 resulted in decreased SASS5 scores in comparison to site OL1. SASS5 scores at sites 245 WG7 and OL8 were the highest recorded amongst sites -even higher than those measured at site 246 OL1. The decreased SASS5 scores were mirrored by slightly decreased ASPT scores at sites OL1 to 247 OL6 (including site KL2). The ASPT score at site WG7 was markedly higher than at other sites in the 248 study area. 249
Results from the CCA support the SASS5 indices (Fig. 4) . The first and second axes explain 29.8 % 250 and 26.3 % of the variation, respectively. Concentrations of TDS, Al, Mn and Zn had the highest 251 positive loading (correlation) on the 1 st axis and pH and alkalinity had the highest negative loadings 252 (Table 4) . Loadings for dissolved metals were higher than for sediment associated metals indicating 253 that dissolved metals play a more important role in explaining the variation in macroinvertebrate 254 community structure. Most taxa plotted towards the left side of the graph, indicating that these taxa 255 were negatively affected by dissolved metals and low pH. There were fewer taxa plotted on the right 256 hand side of the graph. These taxa were generally associated with sites KL2 and OL4 to OL6. KL2 257 was characterised by high abundances of Leptoceridae in particular. Oligochaeta and the sensitive 258 ephemeropteran families Leptophlebidae and Heptagenidae, were only present at OL1, WG7 and 259 OL8. Potamonautidae were associated with OL1 and OL8 and were absent from other sites. OL1, 260 OL8 and WG7 all recorded a number of unique taxa that did not occur at any other sites (these taxa 261 fall directly on a line drawn from the origin of the plot through the site in question). For example the 262 sensitive Perlidae (a plecopteran family), Chlorocyphidae and Psephenidae were all only collected at 263
WG7. 264 265
Discussion 266
Our results clearly indicate that site KL2 is heavily affected by AMD, with low pH values and high 267 concentrations of mining-related water quality indicators, most notably sulphate (Table 1) and 268 dissolved metals (Fig.2) . The acidic conditions result in the majority of metals being available in the 269 dissolved fraction which are more available and toxic. More importantly, the acidic conditions result 270 in elevated concentrations of toxic species, most notably Al 3+ and Al(OH) 2 + ( (Fig. 2) . In contrast, Mn appeared to increase in the sediment 289 further downstream. This is most likely due to the fact that in contrast to Al and Fe, while Mn 290 concentrations showed a decreasing trend from site OL3 downstream to site OL8, the majority of this 291 metal remained in the dissolved form, indicating that Mn takes longer to precipitate out of solution. 292
This observation is supported by the fact that the oxidation and precipitation of Mn 2+ in oxic 293 environments is known to be slow, taking a number a days in natural waters (Lasier et al., 2000) . The macroinvertebrate assessment indicates that the Klipspruit River negatively affects ecosystem 305 health, leading to a decrease in taxa and total SASS5 scores further downstream of its confluence with 306 the Olifants River. Speciation results indicate that toxic species of Al associated with water from the 307 Klipspruit River are rapidly transformed into less toxic species, with (Al(OH) 3 (aq) and Al(OH) 4 -) 308 becoming more prevalent already at site OL3 and further down to site OL8 (Table 2 ). The 309 deterioration in macroinvertebrate assemblage assessments (as reflected in decreased SASS5 scores) 310
suggests that water quality originating from the Klipspruit River may result in chronic toxicity. While 311 speciation analysis indicates that Al is primarily in a non-toxic form at these sites, Mn was 312 predominantly in the dissolved phase in forms that are primarily responsible for aquatic toxicity, 313 although below the CEV guideline (Mn These families were absent in between the confluences of the Olifants and Klipspruit and Olifants and 337
Wilge rivers. The fact that the dissolved metals had a relatively high influence on the CCA loadings in 338 comparison to sediment bound metals indicates that that these variables have a stronger influence on 339 the distribution of macroinvertebrates. However it is interesting to note that Oligochaeta which inhabit 340 the sediment were also only found upstream of the Klipspruit confluence and downstream of the 341
Wilge confluence, indicating that precipitated metals may influence sediment-dwelling 342 macroinvertebrate communities. The decline in macroinvertebrate at sites KL2 and OL3 to OL6 could 343 also possibly be related to increased salinity introduced by AMD. The TDS levels measured at all 344 sites included in the study fall within guideline levels (300 to 800 mg.L The importance of tributaries, both as refugia for aquatic biota and for dilution of poor water quality is 365 seldom taken into account in either IWRM or conservation planning, yet is regarded as an essential 366 regulating service provided by aquatic ecosystems (Millenium Ecosystem Assessment, 2005) . In this 367 respect, the Wilge River clearly provides these essential services through its ability to improve aquatic 368 ecosystem health in the Olifants River. This river clearly has relatively good water quality, which is 369 reflected by the highest macroinvertebrate index scores (high number of taxa, SASS5 and ASPT) of 370 all sites included in the study. Furthermore, the river delivers comparatively low concentrations of 371 dissolved metals and TDS to the Olifants River and improves both water quality and 372 macroinvertebrate indices measured at site OL8, which had the highest recorded number of taxa and 373
showed higher values for SASS5 metrics in comparison to other sites in the Olifants River, 374 downstream of the confluence with the Klipspruit River. 375
376
Conclusions 377 378
While the impact of AMD on aquatic biota is due to a number of different factors namely acidity, 379 metal toxicity, metal precipitation and salinization (Gray, 1997), aquatic ecosystem effects associated 380 with AMD are often interpreted using only total dissolved metal concentrations. This study 381 emphasises the speciation of metals and the relative composition of major anions and cations that 382 make up salinity as being additional factors to consider when assessing the effect of AMD on aquatic 383 biota. The relative importance of these factors varies according to the nature of the AMD, its dilution, 384 the nature of the receiving water, especially its buffering and assimilative capacities, species tolerance 385 to pollutants, and other ecological and environmental factors (Gray and Delaney, 2008). 386
While concentrations of dissolved Al exceeded relevant guidelines, speciation analysis indicates that 387 these are likely to be in a non-toxic form. Fe and Zn rapidly precipitated resulting in very low 388 dissolved concentrations (below guideline levels). Mn remains in the dissolved, toxicologically 389 relevant form over a long distance from the point of input. The concentrations, although 390 comparatively higher than other metals, are significantly lower than those expected to result in toxic 391 effects. It is therefore possible that the relative change in composition of major anions and cations due 392 to AMD input, leading to increased concentrations of more toxic salts (e.g. Na 2 SO 4 ), may also play a 393 significant role in driving the observed macroinvertebrate response. This has implications for 394 treatment of AMD, as the reduced metal toxicity associated with neutralisation may be compromised 395 by the addition of neutralizing agents that result in salinity with a more toxic composition of ions. 396
It is however possible that the observed decline in macroinvertebrate community metrics may be 397 indicative of historical events when more toxic species of dissolved metals may have been present. No guideline values available for Fe 
